Cell therapy using stem cells has produced therapeutic benefits in animal models of COPD. Secretory mediators are proposed as one mechanism for stem cell effects because very few stem cells engraft after injection into recipient animals. Recently, nanovesicles that overcome the disadvantages of natural exosomes have been generated artificially from cells. We generated artificial nanovesicles from adipose-derived stem cells (ASCs) using sequential penetration through polycarbonate membranes. ASC-derived artificial nanovesicles displayed a 100 nm-sized spherical shape similar to ASC-derived natural exosomes and expressed both exosomal and stem cell markers. The proliferation rate of lung epithelial cells was increased in cells treated with ASC-derived artificial nanovesicles compared with cells treated with ASC-derived natural exosomes. The lower dose of ASC-derived artificial nanovesicles had similar regenerative capacity compared with a higher dose of ASCs and ASC-derived natural exosomes. In addition, FGF2 levels in the lungs of mice treated with ASC-derived artificial nanovesicles were increased. The uptake of ASC-derived artificial nanovesicles was inhibited by heparin, which is a competitive inhibitor of heparan sulfate proteoglycan that is associated with FGF2 signaling. Taken together, the data indicate that lower doses of ASC-derived artificial nanovesicles may have beneficial effects similar to higher doses of ASCs or ASC-derived natural exosomes in an animal model with emphysema, suggesting that artificial nanovesicles may have economic advantages that warrant future clinical studies.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) represents the third leading cause of death worldwide and affects nearly 5% of the global population. 1 In recent decades, new medications have been developed that have dramatically improved the outcomes for patients with COPD; however, these medications target components of the airway disease but not the important emphysema component of COPD.
There are several reports that attribute regenerative effects to stem cells derived from various origins on the emphysema lung in animal models exposed to cigarette smoke, elastase, or VEGFR inhibitor. [2] [3] [4] However, only up to 0.01% of stem cells remained in recipient lungs 1 week after a systemic injection. 5 In our previous report, results observed using two techniques (fluorescence detection and donor-derived Alu sequence quantification), showed that most ASCs disappeared within 1 day after systemic injection. 6 In animal models of lung diseases such as pulmonary fibrosis, COPD, and asthma, the mechanism proposed for stem cell regeneration includes a paracrine route by their soluble mediators that have immunomodulatory, anti-inflammatory and anti-apoptotic effects. 2, 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] Our previous report also showed that the conditioned medium from stem cells and stem cells themselves had a similar effect on regeneration from emphysema. 3 Exosomes are naturally secreted from cells, and they have a key role in cell-to-cell communication by transferring proteins, mRNAs, and microRNAs. 16, 17 Mesenchymal stem cells (MSCs) release exosomes, and there are many studies demonstrating that exosomes from stem cells are candidate secretory mediators. In various disease animal models, including ischemia, acute kidney injury, and acute lung injury, exosomes from stem cells have proven beneficial effects. [18] [19] [20] [21] Despite their beneficial effects, the disadvantage of exosomes for clinical applications is that they are naturally released in very small amounts and are biologically heterogeneous. 22 Recent reports suggest that nanosized vesicles, called nanovesicles, can be artificially generated from primary cells using a polycarbonate filter. 23, 24 Artificially generated nanovesicles from macrophage cell lines target to malignant tumors, and artificial nanovesicles loaded with chemotherapeutics (such as doxorubicin) reduce tumor growth in mice. 24 Artificial nanovesicles generated from embryonic stem cells enhance fibroblast proliferation, which is mediated through transforming growth factor-β signaling. 23 In our present report, we produced artificial nanovesicles from a subtype of MSCs, namely, adipose-derived stem cells (ASCs). These ASC-derived artificial nanovesicles expressed similar ASC surface markers and growth factors, especially FGF2, compared with ASC-derived natural exosomes. A smaller amount of ASC-derived artificial nanovesicles induced the proliferation of alveolar epithelial cells compared with ASC-derived natural exosomes. The artificial nanovesicles from a lower dose of ASCs showed beneficial effects that were similar to injection of a higher dose of ASCs or ASC-derived natural exosomes in elastase-induced emphysema mice. The uptake of ASCs into alveolar epithelial cells was dependent on heparan sulfate proteoglycan associated with FGF2 signaling.
MATERIALS AND METHODS

Cell culture
ASCs were purchased from Invitrogen (Carlsbad, CA, USA) and cultured using MesenPRO RS medium with supplied supplements (Invitrogen). ASCs were re-fed every 3-4 days with fresh media and were subcultured with 0.05% trypsin-EDTA (Gibco Life Technologies, Grand Island, NY, USA). Artificial nanovesicles were produced on passages 4-5. MLE-12 airway epithelial cells were purchased from the ATCC (Manassas, VA, USA), cultured with the recommended complete growth medium, and subcultured with 0.05% trypsin-EDTA (Gibco Life Technologies).
Production of ASC-derived artificial nanovesicles and natural exosomes
ASCs were resuspended with phosphate-buffered saline (PBS) at a concentration of 5 × 10 6 ml −1 . The resuspended ASCs were sequentially penetrated 10 times through 10 , 5 and 1 μm polycarbonate membranes (Whatman). To remove cellular debris the penetrated mixture was centrifuged with a 10 000 g force for 20 min and filtered using a 0.22-μm syringe filter. To purify artificial nanovesicles from the mixture, the mixture was layered onto 50 and 10% Opti-prep solution (Axid-Shield PoC AS, Dundee, Scotland) and was ultracentrifuged with a 100 000 × g force for 2 h. To prepare exosomes from ASCs, ASCs were washed with PBS twice and incubated overnight with MesenPRO RS medium without supplied supplements. The next day, the medium was collected, filtered with a 0.22-μm filter and ultracentrifuged with a 100 000 g force for 2 h. The pellet after ultracentrifugation was resuspended in PBS and quantified based on a Bradford assay.
Characterization of ASC-derived artificial nanovesicles
The particle size and number of artificial nanovesicles from ASCs was measured using nanoparticle tracking analysis based on light scattering (LM10-HS system, Nanosight Ltd, Wiltshire, UK). Artificial nanovesicles from ASCs were prepared on a copper grid (Spi Supplies, West Chester, PA, USA), and their shape was observed using transmission electron microscopy (TEM, JEM-1011, JEOL Ltd., Tokyo, Japan). Twenty micrograms of artificial nanovesicles from ASCs were loaded onto a gel, resolved by SDS-PAGE and transferred to nitrocellulose membranes, which were blocked in PBS/5% skim milk/0.05% Tween-20. Transferred membranes were incubated at 4°C overnight with a biotinylated primary antibody including CD63, CD81, CD9, CD73, CD90, CD45, or CD34, incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, developed with a chemiluminescent membrane substrate (BioFx, Eden Prairie, MN), and exposed to X-ray film (AGFA, Mortsel, Belgium).
Proliferation assay
A Cell Counting Kit-8 (CCK-8) assay (Enzo Life Sciences, New York, USA) was used to measure proliferating cells. The MLE-12 cell line was incubated for 24 h with 0.1 or 1 μg ml − 1 of ASC-derived artificial nanovesicles or ASC-derived natural exosomes, and then CCK-8 mixed medium (1:10, CCK-8:medium) was added. The absorbance at 450 nm was measured using a microplate reader (PerkinElmer, Waltham, MA, USA).
Confocal microscopy
Artificial nanovesicles (100 μg) from ASCs were labeled with 1 μM of CellTracker TM CM-DiI (Invitrogen, Life Technologies) for 5 min at 37°C and then for an additional 15 min at 4°C. After incubation, the labeled ASC-derived artificial nanovesicles were washed with PBS alternating with ultracentrifugation (100 000 g force, 1 h). MLE-12 cells (3 × 10 4 ) were seeded overnight in a 35 mm tissue culture dish or a 27 mm collagen coated tissue culture dish (Nunc). On the next day, cells were pretreated for 30 min with LY294002 (1 μM), cytochalasin D (0.2 μM), chloropromazine (1 μg ml − 1 ), or heparin (10 μg ml − 1 ) (all from Sigma, USA). Then, 10 μg ml − 1 of DiI-labeled artificial nanovesicles from ASCs were added to the MLE-12 cells for 2 h, and the cells were counterstained with Hoechst 33258 (Thermo Fisher Scientific). Cells were observed under confocal microscopy (Carl Zeiss, Weimar, Germany), and microscopic images were obtained.
Animal model
C57BL/6 mice were purchased from Orientbio (Seongnam, Korea) and bred in specific pathogen-free facilities at the Asan Medical Center. All experiments using mice were approved by the Institutional Animal Care and Use Committee of the Asan Medical Center (Seoul, Korea). We generated the elastase-induced emphysema model using methods previously described. 6 Briefly, mice were intratracheally injected with porcine pancreatic elastase (PPE, Sigma-Aldrich, St. Louis, MO, USA) on day 0, and ASC-derived artificial nanovesicles, ASCs or ASC-derived natural exosomes were intratracheally injected on day 7. On day 14, the mice were euthanized, and their lung tissue was collected.
Ex vivo distribution of artificial nanovesicles
Elastase-induced emphysema mice were intratracheally injected with 25 μg of DiI-labeled artificial nanovesicles from ASCs and were euthanized after 4, 24, 72, or 168 h. Images of the lung were captured using the IVIS Imaging System (PerkinElmer).
Histology and quantification of emphysema
The histology of the lungs was obtained using a method previously described. 3 Briefly, the perfused lungs were inflated with 0.5% low-melting agarose, fixed with 4% formalin, and embedded in paraffin. Lung sections of 6-μm thickness were stained with hematoxylin and eosin. The mean linear intercepts were determined using the microscopic images.
FGF2, HGF and VEGF measurement
The levels of FGF2, HGF and VEGF in 2 μg of cell lysates and 2.5 or 10 μg of protein from lung tissue were evaluated using an ELISA.
HGF, FGF2 and VEGF levels in the protein lysates were measured by ELISA according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).
Statistical analysis
The data are presented as the mean ± s.e. GraphPad Prism5 was used for statistical analysis. The Mann-Whitney U-test was used to compare results between groups. A P-value o0.05 was considered significant. To test for trends, an analysis of variance linearity test was used.
RESULTS
The characterization of artificial nanovesicles from ASCs
We generated artificial nanovesicles from ASCs using a mini-extruder to pass ASCs through membranes with a series of pore sizes. From 7 × 10 7 ASCs, we obtained 1 mg of artificial nanovesicles, as measured by the amount of protein inside the nanovesicles. According to TEM images ASC-derived artificial nanovesicles were spherical in shape (Figure 1a) . The particle size and number of ASC-derived artificial nanovesicles was measured using nanoparticle tracking analysis. The size of artificial nanovesicles from ASCs was~100 nm, similar to ASC-derived exosomes (Figure 1b) . Approximately 30 × 10 6 artificial nanovesicle particles were generated from 7 × 10 7 ASCs, which is~30 times higher than that of natural exosomes released naturally from ASCs (Figure 1b) . ASC-derived artificial nanovesicles were expressed with exosomal markers CD63, CD81 and CD9 (Figure 1c) . Positive markers for ASCs, CD73 and CD90, were expressed, and negative markers of ASCs, CD45 or CD34, were not expressed on ASC-derived artificial nanovesicles (Figure 1d ). We also measured the amount of certain growth factors related to lung regeneration, such as FGF2, VEGF and HGF, in artificial nanovesicles or natural exosomes from ASCs. Only FGF2 was found to be contained in ASC-derived artificial nanovesicles, and natural exosomes and ASC-derived artificial nanovesicles had a higher amount of FGF2 than ASC-derived natural exosomes (Figure 1e ).
Increased proliferation capacity of an alveolar epithelial cell line induced by artificial nanovesicles from ASCs Alveolar type II (ATII) cells may be important to lung regeneration from emphysema because they have been known to have a capacity to differentiate into alveolar type I (ATI) cells. Therefore, we observed the effects of ASC-derived artificial nanovesicles on a mouse alveolar epithelial cell line (MLE12 cells). To compare the proliferative capacity between ASC-derived artificial nanovesicles and natural exosomes, MLE12 cells were treated overnight with 0.1 or 1 μg ml − 1 of ASC-derived artificial nanovesicles or natural exosomes, respectively. The proliferative capacity was analyzed using a CCK8 assay. ASC-derived artificial nanovesicles had more proliferative capacity compared with ASC-derived natural exosomes at a lower dose (0.1 μg ml − 1 ; Figure 2 ). The proliferative capacity of ASC-derived artificial nanovesicles in MLE12 cells was dependent on the dose (Supplementary  Figure 1a) . The wound closure ability of ASC-derived nanovesicles in these cells was also increased (Supplementary  Figure 1b) . To confirm the effects of FGF2 from ASC-derived artificial nanovesicles in MLE12 cells, we performed mRNA expression analysis using quantitative PCR with a mouse Fgf2-specific primer. The mRNA expression of mouse Fgf2 was increased in MLE12 cells stimulated with the artificial nanovesicles from ASCs (Supplementary Figure 1c) . Taken together, our data showed that ASC-derived artificial nanovesicles induced proliferation, wound closure ability and growth factor signaling in MLE12 cells.
The regenerative effects of ASC-derived artificial nanovesicles in an elastase-induced emphysema mouse model To compare the regenerative effects among the three groups, ASCs, ASC-derived natural exosomes or ASC-derived artificial nanovesicles, mice were intratracheally injected with 1 × 10 5 ASCs (1 × ), 1 × or 1/3 × ASC-derived artificial nanovesicles or 1 × ASC-derived natural exosomes (based on protein amounts). Figure 3a shows the histological changes in hematoxylin and eosin stained lung tissue. Quantitative analysis using a mean linear intercept approach is also represented in Figure 3b . Similar regenerative effects were observed in the ASC, 1 × and 1/3 × ASC-derived artificial nanovesicle treated groups. However, 1 × ASC-derived natural exosomes did not have regenerative capacity. Taken together, our findings indicate that ASC-derived artificial nanovesicles may have a more efficient regenerative ability in elastase-induced emphysema lungs because lower doses are equally effective in comparison with ASCs.
Artificial nanovesicles stimulate FGF2 signaling in recipient lungs
In previous reports, the mechanisms of action of ASCs in emphysema animal models were explained by the observation that ASCs could stimulate growth factor signaling, anti-protease activity, and cell survival/proliferation in recipient animals. We therefore compared the mechanisms of action of ASC-derived artificial nanovesicles with those of ASCs and ASC-derived natural exosomes. The level of FGF2 in lung lysates was increased in the mouse emphysema lung after treatment with either ASCs or artificial nanovesicles (1/3 × ) versus the controls (Figure 4a ). The levels of VEGF and HGF were not different in lung lysates in all groups (Figure 4b,c) . These results suggest that ASC-derived artificial nanovesicles may stimulate FGF2 signaling to a greater degree than primary ASCs in recipient lungs.
Fate of artificial nanovesicles after intratracheal injection into mice
We evaluated the fate of ASC-derived artificial nanovesicles when they were intratracheally injected into elastase-induced emphysema mice. DiI-labeled ASC-derived artificial nanovesicles were intratracheally injected into mice with elastase-induced emphysema, and the fluorescence level in the lung was observed using an optical imaging system at 4, 24, 72 and 168 h after injection. Although we did not conduct detailed observations at a cellular level, we found that ASC-derived artificial nanovesicles remained in the lung for up to 72 h after injection ( Figure 5 ).
Internalized mechanisms of artificial nanovesicles
We evaluated the internalized mechanisms of ASC-derived artificial nanovesicles using drugs such as LY294002, chlorpromazine, cytochalasin D and heparin to inhibit macropinocytosis, endocytosis, phagocytosis and receptordependent endocytosis, respectively. MLE12 cells were treated with each drug for 30 min, and then DiI-labeled-ASC-derived artificial nanovesicles were added. Cells were incubated with the nanovesicles for 2 h and observed with confocal microscopy (Figure 6a ). Heparin blocked internalization of ASC-derived artificial nanovesicles in MLE12 cells (Figure 6b ). These results suggest that ASC-derived artificial nanovesicles may be internalized and stimulated by receptor-mediated endocytosis.
DISCUSSION
In our present study, we found that nanovesicles artificially generated from ASCs expressed protein markers of both natural exosomes and stem cells. We could generate artificial nanovesicles at a 30-fold higher level than the number of natural exosomes released naturally from ASCs. ASC-derived artificial nanovesicles contained more FGF2 than ASC-derived exosomes. FGF2 is important in lung development and has regenerative capacity. The proliferative capacity of alveolar epithelial cells was induced by lower doses of ASC-derived artificial nanovesicles compared with ASC-derived natural exosomes. The lower doses of artificial nanovesicles had regenerative effects similar to 10 5 ASCs (1 × ) or ASC-derived exosomes. The production of FGF2 was increased in the emphysema lung of nanovesicle-treated mice compared with mice treated with ASCs or ASC-derived natural exosomes. The internalization of ASC-derived artificial nanovesicles was inhibited by heparin, which is a competitive inhibitor of cell surface receptor-dependent endocytosis. These results suggest that the more effective regenerative capacity of artificial nanovesicles may be mediated by FGF2 signaling in the nanovesicle-treated mice.
There are some reports that artificial nanovesicles possess biologic activities. Nanovesicles derived from a macrophage cell line are sometimes loaded with doxorubicin, a well-known chemotherapeutic drug. Macrophage-derived nanovesicles can target a tumor site because they express LFA-1, which inhibits the receptors of endothelial CAMs that are associated with excessive angiogenesis for tumor growth. Nanovesicles loaded with doxorubicin have similar effects to 20-fold higher doses of free doxorubicin without showing any side effects. 24 Nanovesicles derived from embryonic stem cells (ES cells) improve fibroblast proliferation in a similar fashion to natural exosomes from ES cells, and they carry biological signaling molecules from primary cells into the target cells. 23 In this report, we generated 100-nm sized artificial nanovesicles expressing the exosomal and stem cell markers typically present on ASCs. We confirmed that these artificial nanovesicles from ASCs were biologically active in emphysema regeneration and retained primary stem cell characteristics.
The alveolus is covered by ATI cells interspersed with ATII cells. 25 Previous reports have shown that the regeneration of damaged alveolar epithelium by bleomycin is mediated by the proliferation of ATIIs and their differentiation into ATIs. [26] [27] [28] A decrease in the apoptosis of lung resident cells is also related to lung regeneration in a cigarette smoke-induced emphysema animal model. Apoptosis of alveolar epithelial cells, mesenchymal cells, and endothelial cells is observed in lung biopsies from emphysema patients. [29] [30] [31] There is some evidence from studies of lung regeneration implicating ATII cells as endogenous stem/progenitor cells in the alveolus. 32, 33 In our current study, we first focused on alveolar epithelial cell proliferation in an in vitro system and found that ASC-derived artificial nanovesicles can increase the proliferation of these cells.
In the past, biologists believed that stem cells directly differentiated into resident cells in damaged tissue, but the concept that stem cells regulate the recipient microenvironment through the secretion of growth factors and immunomodulatory factors is now generally accepted. 34 After systemic injection, stem cells disappear within 1 day, but they continue to promote the regeneration of the lung. 6 Moreover, the regeneration rates of damaged tissues do not correlate with the degree of engraftment or differentiation of MSCs into resident tissue cells. 35 We previously reported that MSC-conditioned medium alone was sufficient to promote regeneration of damaged lung tissues. 3 In many COPD animal models, secretory mediators from stem cells significantly contribute to their beneficial effects. 36 Exosomes are one type of secretory mediators, which contain many biological molecules, lipids, proteins, growth factor receptors, mRNAs, and microRNAs. 35, 37 Some reports suggest that growth factor-related mRNAs inside exosomes are related to the regenerative effect of MSCs. 38, 39 In an acute lung injury (ALI) animal model, exosomes derived from MSCs have been reported to show a therapeutic effect mediated by KGF signaling. 39 Nanovesicles from ES cells have been found to enhance fibroblast proliferation through transforming growth factor -β signaling. 23 It has been previously suggested that the very small amounts of exosomes that are naturally released from stem cells make them a good candidate for clinical applications. 22 Therefore, we focused on artificial nanovesicles artificially generated from ASCs as a clinically applicable technology and detected similar biological effects at lower doses compared with ASCs. ASC-derived artificial nanovesicles showed similar therapeutic effects in elastase-induced emphysema mice at lower doses (1/3) than ASCs (10 5 cells), and ASC-derived exosomes did not have therapeutic effects in these mice at the same ASC doses (10 5 cells). After intratracheal injection, ASC-derived artificial nanovesicles are detectable for 3 days, in contrast to systemically injected ASCs that disappear within 1 day. 6 We would like to explore the mechanism by which artificial nanovesicles enter target cells in a future study.
Our present results suggest that ASC-derived artificial nanovesicles might have a sustained effect on host cells.
FGF2 is involved in various biological processes including wound healing, angiogenesis, and especially the alveolar developmental process. 40, 41 In an IFN-γ-induced emphysema mice model, FGF2 has a protective role, and recombinant FGF2 helps to lessen the severity of the disease. 42 A recent report shows that FGF2 might not be sufficient to repair bleomycin-induced fibrosis, but that this growth factor might be essential to repair and maintain the endothelial barrier in bleomycin-induced lung injury in mice. 43 In our current report, we analyzed the production of HGF, VEGF and FGF2 in ASC-derived artificial nanovesicles and found that only FGF2 is contained in artificial nanovesicles from ASCs. Artificial nanovesicles from ASCs increase the production of FGF2 in recipient mice. These data suggest that the regenerative effect of ASC-derived artificial nanovesicles is mediated by the stimulation of recipient growth factor signaling via FGF2.
The function of exosomes can be induced by interacting with target cells through association with the target cell's plasma membrane. There are several processes of internalization, such as clathrin-mediated endocytosis, macropinocytosis, phagocytosis and receptor-mediated endocytosis. The uptake of rat pheochromocytoma PC12 cell-derived exosomes by clathrin-mediated endocytosis and Figure 4 ASCs-derived artificial nanovesicles enhance growth factor expression in recipient lungs. C57BL/6 mice were intratracheally injected with elastase on day 0 and then intratracheally or intravenously injected with 1/3 × of artificial nanovesicles (Nano), 1 × of exosome (Exo) or 1 × 10 5 of ASCs on day 7. On day 14, mice were sacrificed, and the lungs were collected. ELISA were performed for mouse FGF2 (a), VEGF (b) and HGF (c) using lung protein lysate. (*Po0.05) macropinocytosis was blocked with chlorpromazine and LY294002. 44 Exosomes from dendritic cells were also taken up by clathrin-mediated endotycosis. 45 Phagocytosis was one of the internalization mechanisms of exosomes from monocytes and macrophages. 46 Exosomes from SW780 bladder cancer cells were associated with receptor-mediated endocytosis blocked by heparin. 47 We confirmed the internalization mechanisms of ASC-derived artificial nanovesicles based on the well-known processes of exosome uptake by using an inhibitor of each process. The uptake of ASC-derived artificial nanovesicles was inhibited by heparin pretreatment in alveolar epithelial cells. Heparin is a competitive inhibitor of the cell surface receptor dependent on a heparan sulfate proteoglycan coreceptor. Previous reports have shown that heparan sulfate proteoglycan s served as coreceptors for the FGF receptor and modulate FGF2 activity by enhancing FGF2 binding with their receptors. 48, 49 These data suggest that FGF2 contained in ASC-derived artificial nanovesicles primarily stimulate recipient cells by receptor-mediated endocytosis.
We artificially generated nanovesicles with a 100-nm size that express exosomal and stem cell markers. ASC-derived artificial nanovesicles contained more FGF2 compared with ASC-derived natural exosomes. ASC-derived artificial nanovesicles had regenerative effects similar to ASCs or ASC-derived exosomes at lower doses in an elastase-induced emphysema model. These regenerative effects are mediated via FGF2 production in this mouse model. The uptake of ASC-derived artificial nanovesicles was inhibited by heparin, which is a competitive inhibitor for heparan sulfate proteoglycan associated with FGF2 signaling. Our collective data suggests that artificial nanovesicles from ASCs may have economic advantages and be clinically applicable to emphysema patients. 
